The effect of moderate heating ͑200-300°C͒ in vacuum on the photoemission from air-exposed hydrogen-terminated chemical vapor deposited diamond films was studied in the photon spectral range of 140-210 nm ͑8.9-5.9 eV͒. A three-to fivefold enhancement was observed, stable in high vacuum and in some high purity gases, but unstable in air. The surfaces were also examined by x-ray induced photoelectron spectroscopy and ultraviolet induced photoelectron spectroscopy before and after the heating process and upon exposure to air and to oxygen. The results provide good evidence that the strong dipole originating from H 2 O molecules absorbed on the diamond surface is responsible for the observed effect. A simple model is presented for quantitative estimation of the effect.
I. INTRODUCTION
In the present work we report on the effect of moderate heating at 200-300°C in vacuum on the photoemission yield from air-exposed hydrogen-terminated diamond-film surfaces. This treatment results in a dramatic three-to fivefold enhancement in photoemission and in changes in the electron affinity ͑EA͒ value. We have investigated the variation of the photoyield as a function of the thermal-treatment details and of the gaseous atmosphere to which the diamond surface was exposed. In addition, these samples were examined by x-ray induced photoelectron spectroscopy ͑XPS͒ and ultraviolet induced photoelectron spectroscopy ͑UPS͒ before and after the heating to 300°C and upon exposure of the as-heated surfaces to ambient air or molecular oxygen. On the basis of our experimental evidence we propose an interpretation based on the role of surface H 2 O molecules, which modify the EA by their dipole moment.
Hydrogen-terminated chemical vapor deposited ͑CVD͒ diamond films have been considered as ultraviolet ͑UV͒ photocathodes for solar-blind, gas avalanche photomultipliers 1 due to their efficient photoemission and chemical and physical stability. However, the best quantum efficiency ͑QE͒ recorded so far is 12% at 140 nm, measured in vacuum from freshly hydrogenated CVD-diamond film, briefly exposed to air; this QE decays within hours under ambient conditions and stabilizes at 6% at 140 nm. 2 The QE decay was found to be correlated with an increased amount of surface oxygen, the origin and adsorption mode of which was speculated on but unidentified. 3 The oxygen adsorption and the consequent QE decay from 12% to 6% were shown to be reversible; the higher QE could be recovered by re-hydrogenation of the decayed diamond surface with microwave H 2 plasma.
The EA plays the most significant role in the photoyield, and therefore the interaction of the diamond surface with various environmental species, which modify the surface structure, is expected to strongly affect the photoemission.
A considerable effort has been put into studying the EA properties of diamonds and in developing ways to obtain negative electron affinity ͑NEA͒ surfaces. In CVD diamond, NEA is obtained by two methods: ͑1͒ by doping the sample, the downward band bending provokes a shift of the vacuum level below the conduction band minimum ͑CBM͒ 4 and ͑2͒
by covering the surface with an overlayer of noncarbon atoms that provide a dipole opposite to the surface potential. Good results have been obtained by hydrogen termination of the surface, which is currently a rather standard procedure. It was shown that single-and polycrystalline specimens of hydrogen-terminated diamond exhibit NEA. 5 NEA is also achieved by metal ͑Cu, Co, Zr͒ coating on oxygenated and hydrogenated diamond surfaces, 6 but the high reflectivity of these metals in the UV range does not permit use of this method for efficient UV photocathodes. However, it should be emphasized that all the above reported NEA data refer to carefully defined surfaces of samples kept in ultrahigh vacuum ͑UHV͒ conditions. The rather fast decay of the photoemission properties of hydrogen-terminated diamond film, reported in ambient conditions, 2, 3 clearly indicates a change in the chemical state of the surface occurring spontaneously when the surface is exposed to air. The application of diamond as an UV photocathode within gaseous avalanche detectors inevitably exposes it to environmental species and therefore understanding and control of this surface change are very important. 
II. EXPERIMENTAL PROCEDURES
Diamond films, 10ϫ10 mm 2 , 4-5 m thick, were deposited at the Technion on a p-type Si substrate by the conventional hot-filament chemical vapor deposition ͑HF-CVD͒ method using a system previously described. 3 The samples were further subjected to hydrogen microwave ͑mw͒ plasma. One hydrogen-terminated diamond sample was tested when still freshly hydrogenated, and a second was studied after about 3 weeks in ambient atmosphere and exhibited typical twofold decay of QE. The absolute quantum efficiency spectra of the samples were measured with a calibrated monochromator system prior to the heating experiment, and were found to be in agreement with previously reported data. 2 The heating experiments were carried out in a bakeable UHV chamber evacuated by a turbomolecular pump to 10 Ϫ8 Torr. The chamber was equipped with a residual gas analyzer ͑RGA͒ and is connected to a high-purity-gas manifold. The RGA allowed monitoring of the impurity level, particularly that of H 2 O and CO, in the vacuum and in the various gases to which the diamond was exposed. In all measurements the diamond sample was mounted on an insulated metallic holder and was connected to a grounded picoampermeter that recorded the photocurrent. An anode ring, biased to ϩ100 V, was placed a small distance from the diamond, collected the emitted electrons and closed the electric circuit. A 10 mm diam collimator in front of the diamond sample defined the illuminated area. The samples were heated with a tungsten filament encircling them and the temperature was monitored with a thermocouple, placed in thermal contact with the sample holder. In part of the measurements the samples were directly illuminated with a 30 W deuterium lamp, having continuous emission between 140 and 240 nm and a strong peak at 160 nm, to provide the photoemission yield. In other measurements the lamp was coupled to a vacuum-operated UV monochromator, enabling the acquisition of photoemission spectra in the same spectral range.
The as-hydrogenated diamond surface was also examined by XPS and UPS at room temperature. The examination was done prior to and following heating to 300°C for 2 h and cooling to room temperature, and upon subsequent exposure to ambient conditions or to 40 000 l of O 2 at a partial pressure of 5ϫ10 Ϫ5 Torr. These measurements were carried out in an UHV chamber with a base vacuum pressure in the high 10 Ϫ10 Torr range. The XPS and UPS measurements were performed using Al K␣(1468.5 eV) and He͑I͒͑21.22 eV͒ photon sources, respectively. In the case of XPS the electron spectrum was measured in the 0-1000 eV binding energy ͑BE͒ range in order to determine if impurities in the diamond surface were present. The UPS measurements were also carried out before and after the heating/cooling steps and upon exposure to ambient air and molecular oxygen.
III. RESULTS AND DISCUSSION
A. Photoemission
Integral heating effect on freshly hydrogenated CVD diamond briefly exposed to air
A freshly hydrogenated sample, only briefly exposed to air, was installed in the chamber and a series of heating tests was carried out. First, the sample was heated to a temperature T ͑Tϭ200 or 300°C͒, in ultrahigh vacuum (ϳ10 Ϫ8 Torr), and kept at this temperature for a given time period L(Lϭ1/2-21 h). It was then cooled down. After 2 h, when the sample reached room temperature, the photocurrent was recorded and followed for a few more hours until it reached a stable value. A stable enhancement of the photocurrent, compared to the value prior to the heating stage, was observed, and its value depended upon details of the heating process ͑see Fig. 1͒ . For heating periods longer than 2 h a maximal enhancement by a factor of 2.7Ϯ0.03 was recorded. The photocurrent was monitored in vacuum at room temperature and the enhancement was found to be very stable in vacuum of 10 Ϫ6 Torr or better, as shown in Fig. 2 . A very short exposure, less than 1 min, to ambient air ͑1 atm͒ followed by chamber evacuation, reduced the photocurrent to its initial value. This permitted repetition of the experiment with yet another set of conditions ͑heating temperature, heating time, etc.͒. 
Exposure to gases of heated hydrogen-terminated CVD diamond
Following a 200°C heating and cooling cycle as described in Sec. III A1, which resulted in a 2.7-fold enhancement of the photocurrent at room temperature, the sample was exposed to controlled amounts of high-purity ͑grade 99.999͒ N 2 and CH 4 and to air. The exposure to gas was carried out at steps of increasing pressure, each lasting 5 min. Figure 3 shows that the enhancement is partially sustained for 5 min in 400 Torr of nitrogen, but not in methane ͑not shown͒ or air. According to RGA measurements in the air exposure tests, the partial pressure of water remained at about 10 Ϫ8 Torr for chamber pressures below 10 Ϫ5 Torr, and increased to 10 Ϫ6 Torr when the chamber pressure was raised to 10 Ϫ4 Torr.
QE spectra of hydrogenated diamond, air exposed and heated
A second sample of hydrogenated CVD diamond, stored in air for more than 3 weeks, was installed in the chamber. Its absolute QE spectrum was measured with the vacuumoperated monochromator system prior to installation and was found to be in agreement with previous data. 2 Relative QE spectra were measured in situ before and after heating to 200°C and cooling down to room temperature with the same monochromator coupled to the chamber. The absolute QE spectra are shown in Fig. 4͑a͒ . Figure 4͑b͒ shows the enhancement factor as a function of wavelength. The enhanced photocurrent was stable in vacuum for 2 days, and its integral shows total enhancement of 2.7Ϯ0.2, in agreement with the factor found in Sec. III A1.
In the above-described experiments we should point out the following facts.
͑1͒
The same integral photocurrent enhancement factor was found due to heating at 200 or 300°C, independent of the heating time but only for heating periods longer than 2 h ͑Fig. 1͒. The enhancement was found to be independent of the initial state of the diamond surface: The same increase in photocurrent was observed for freshly hydrogenated diamond and for hydrogenated diamond decayed in air.
͑2͒ The photocurrent enhancement is stable for days in vacuum better than 10 Ϫ6 Torr. It slowly decays when the surface is exposed to poor vacuum, e.g., Ͼ10
Ϫ4 Torr, seemingly to its value prior to the heating ͑Fig. 2͒. When briefly exposed to clean nitrogen some of the enhancement persists after 5 min exposure to 400 Torr ͑Fig. 3͒. The photocurrent enhancement completely decays when exposed for 5 min to 50 Torr of pure CH 4 ͑not shown͒ or to a few Torr of air ͑Fig. 3͒.
͑3͒ Reheating the sample after a brief exposure to air reproduced exactly the same photocurrent enhancement. This process of heating and exposing to air could be repeated many times, with the photocurrent always resuming the same values.
We believe that, at the temperatures under consideration, thermal excitation of bulk diamond states is inefficient. 7 Also, the population of impurity levels has a very short lifetime compared to the duration of our experiment. It is possible that heating the diamond sample to about 300°C may result in changes in the population of deep levels within the diamond band gap. This in turn may have an effect on the FIG. 3 . Behavior of the heat-enhancement effect under exposure to air and high-purity nitrogen of increasing pressures. The exposure was done after completion of the heating and cooling-down to room temperature steps. Each value of the measured photocurrent corresponds to exposure of 5 min at the given pressure, followed by chamber evacuation.
FIG. 4.
͑a͒ Absolute quantum efficiency spectra measured from a hydrogenterminated sample exposed to ambient air for 3 weeks. After heating to 200°C and cooling to room temperature the integral enhancement coincides with that presented in Figs. 1 and 2 . The stability of the enhancement under vacuum is followed for periods up to 40 h after heating. ͑b͒ The relative enhancement as a function of wavelength ͓based on the data of ͑a͔͒.
electronic transport properties and on the EA of the diamond. However, our experimental evidence, particularly the distinct change of photoemission yield under exposure to air or gas at room temperature, suggests that temperature-induced changes of surface chemical composition are the dominant process responsible for the measured effects. This surface chemical modification is believed to involve a change of the EA, as will be further discussed below and as was reviewed in Ref. 8 . In our ongoing work we are considering, however, investigating the role of deep levels and the impurity level population on the photoemission yield.
From the RGA data, we also note that the photoemission enhancement is stable at partial pressures of H 2 O in the chamber р10 Ϫ7 Torr and decays at higher partial pressures. This may point to the role played by H 2 O in the enhancement or decay of the photocurrent following desorption or adsorption of H 2 O on the surface.
It is further interesting to note that the photocurrent enhancement in the hydrogen-terminated diamond is not constant regarding the photon energy, but shows some wavelength dependence ͑Fig. 4͒. The enhancement is of about a factor of 2 at ϭ140 nm and increases with wavelength to about 4.5 at ϭ200 nm. Such a trend is expected if the EA is reduced, thus changing the cutoff of the emission spectrum.
In Fig. 5 we depict the curves of (QE) 1/2 versus the photon energy for the hydrogen-terminated diamond before and after the heating to 200°C. According to the Fowler model of photoemission, 9 the onset in these curves corresponds to the photoelectron emission threshold TϭE G ϩEA, E G being the gap energy. By linear fitting of the data near the emission onset, we find Tϭ5.9 and 5.5 eV before and after heating, respectively. Assuming E G ϭ5.5 eV, we obtain for hydrogenated diamond before heating, EAϭ ϩ0.4Ϯ0.05 eV. For the heated samples, the onset of photoemission occurs at a gap energy of 5.5 eV. We note that in the present measurements we did not have enough sensitivity to record photoemission currents from states ͑bulk or surface͒ located within the gap that typically contribute currents smaller by several orders of magnitude. Therefore, the last result is consistent with a negative EA value after the heating process.
B. XPS
The XPS measurements were carried out on a freshly hydrogenated sample, identical to the one in the UVphotoemission studies, briefly exposed to air during its transfer to the UHV chamber. XPS spectra were measured before and after each step of heating/cooling or exposure to gas. All XPS spectra display the characteristic O(1s) and C(1s) photoelectron peaks, suggesting that the sample contains some oxygen impurities on its surface. The oxygen concentration was calculated using the peak integral intensity and standard sensitivity factors, resulting in 2.2Ϯ0.2 at. % value. Heating the diamond sample for 2 h to a temperature of 300°C and cooling it to room temperature in vacuum resulted in a decrease of the oxygen concentration to 1.6Ϯ0.2 at. %. Subsequent exposure of the as-heated/cooled sample to 40 000 l of molecular oxygen did not result in a measurable increase in the O(1s) integral intensity. However, exposure of the heated/cooled sample to ambient conditions for 10 min resulted in an increase of the oxygen concentration to 2.8 Ϯ0.2 at. %. Reheating the sample to 300°C lead to a decrease in the O(1s) intensity to its original level of 1.6 Ϯ0.2 at. %.
These results clearly show that on the hydrogenated surface oxygen adsorption from molecular oxygen is extremely slow and cannot explain the distinct increase in the oxygen surface concentration occurring upon exposure to ambient conditions. Therefore, it is most plausible to assume that the adsorbed oxygen originates from water vapor adsorption and is associated with OH groups. The latter are relatively weakly bound, as is evident from their efficient desorption at temperatures below 300°C. Further spectroscopy experiments are necessary to corroborate our suggestion and such work is underway at our laboratories.
C. UPS
Similar to the XPS measurements, UPS spectra were also measured before and after each heating/cooling and exposure step. The results from the as-installed sample, after heating in vacuum at 300°C for 2 h and cooling to room temperature and after exposure to air of the heated/cooled sample, are shown in Fig. 6 . After heating/cooling a sharp peak appears at high binding energies ͑low kinetic energy͒, indicating the establishment of NEA. In addition, the overall width of the UPS spectra increases from 15.50Ϯ0.05 eV for the as-installed sample to 15.80Ϯ0.05 eV after heating. Using the known He͑I͒ photon energy, 21.22Ϯ0.01 eV, and the diamond band gap, 5.5Ϯ0.1 eV, one can deduce the EA values from the width of the UPS spectra. These turn out to be ϩ0.22Ϯ0.16 eV for the as-installed sample and less than 0 eV after heating. The latter is expected if the vacuum level is at or below the CBM, because in both cases photoemission will be induced only by photons having an energy E G or larger. 
IV. SURFACE DIPOLE MODEL
We have used a simple approach to predict the expected change in the EA due to a modification of the diamond surface termination from H to HϩH 2 O by modeling the electrostatic contribution from different atomic ͑or molecular͒ layers to the surface potential. This approach was already demonstrated to be useful in characterization of the SiO 2 -Si interface. 10 For pure hydrogen-terminated diamond we approximate the C-H surface configuration by two planes of spheres, with densities equal to the surface density of the substrate C. For hydrogen-terminated diamond with a water monolayer adsorbed on its surface, we approximate the surface configuration by three planes of spheres. It was assumed that the water monolayer fully covers the C-H surface and its density was calculated by taking into account the water molecule radius.
According to the model, each species is assumed to have electronegativity S i . An electronegativity difference between two adjacent species causes a charge transfer. Therefore, the charge is displaced across the layers on the surface, creating a surface dipole. According to Sanderson's criterion, 11 when two or more species of different initial electronegativity react to form a stable chemical compound, a mean electronegativity S m is reached. The charge transfer ⌬q i from the ith atom is given by
where ⌬S i is the difference in electronegativity of the ith atom between its neutral and first ionization states. Some values of S i and ⌬S i are given in Sanderson's tables; 11 S m is the geometrical average of all the individual electronegativity values of N atoms forming the compound.
The electronegativity values used for species in our experiment are presented in Table I .
Combining the estimated charge transfer for a single sphere with the average surface density provides an estimate of the surface charge density for each plane of spheres. The corresponding voltage difference between two layers is calculated in a plane-capacitor model, where the interplanar distance equals the sum of the covalent radii of the atoms. We used R C ϳ0.77 A and R H ϳ0.38 A. In the case of H 2 O molecule, an ''equivalent radius'' was used R OH 2 ϳ1.3 A.
The predicted change, ⌬V, in the surface potential due to the surface-termination layer, relative to an unterminated diamond, is given in Table II . Practically, these values correspond to the EA, i.e., the energy difference between the vacuum level and the bottom of the conduction band. The model-predicted position of the vacuum level was calculated to be 0.4 eV below the conduction band minimum, i.e., a condition of NEA.
Contamination of the diamond surface by water may be schematized as an extra layer of OH 2 molecules, which constitutes a second capacitor H-OH 2 , on the hydrogenated diamond. This capacitor is in series with the first capacitor of C-H calculated above. Using the same model we calculated the surface potential variation due to the combination of the two capacitors, given in Table II . We find that for hydrogenterminated diamond the additional water layer increases the EA by 0.8 eV, positioning the vacuum level at 0.4 eV above the conduction band minimum, i.e., a condition of positive electron affinity ͑PEA͒.
V. SUMMARY
In this work we studied the enhancement of the quantum photoyield of hydrogen-terminated CVD diamond surfaces by heating to relatively low temperatures and the photoemis- FIG. 6 . UPS spectra taken from the ͑a͒ as-deposited hydrogenated diamond film, ͑b͒ after heating to 300°C and cooling to room temperature and ͑c͒ upon exposure to air of the heated/cooled sample. All measurements were carried out at room temperature. sion decay due to subsequent exposure to air. We explained the effect by the desorption and readsorption of a layer of water molecules at the surface. Our hypothesis is corroborated by some experimental evidence:
͑1͒ we found an important enhancement ͑by a factor of 2-5 in the spectral range 140-210 nm͒ of the QE of airexposed diamond by heating to relatively low temperatures in vacuum ͑200°C for 2 h͒;
͑2͒ the cycle of QE enhancement/reduction is reversible when the sample is exposed to air and again heated in vacuum;
͑3͒ the QE decay in poor vacuum and in gases is correlated with the partial pressure of water in the chamber; ͑4͒ the photoyield decay by air exposure and enhancement by heating are correlated with a variation of the surface electron affinity, visible in UPS data; however, such an effect was not induced by exposure to molecular oxygen;
͑5͒ from the shift in the onset of photoemission, deduced from the (QE) 1/2 versus photoenergy curves, and using a band gap value of 5.5 eV, we could position the vacuum level ϩ0.4 eV above the conduction band minimum when the surface is air contaminated; this is in qualitative agreement with the UPS data of ϩ0.22 eV for the same diamond surface.
From UPS and QE measurements it was not possible to determine the total shift in EA induced by the heating, because the lower photoemission threshold corresponds to the value of the energy gap. Nevertheless, the UPS data clearly indicate NEA.
We modeled the extra surface dipole induced by a water monolayer on hydrogen-terminated diamond and calculated the resulting EA shift. According to our model, after heating and water desorption, the vacuum level is positioned Ϫ0.4 eV below the conduction band minimum, confirming the NEA condition.
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